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Supplementary Figure 1.  

Amino acid sequence coverage and representative spectra for KCNQ1.  

 

Peptides identified by MS analysis are shown in red, peptides not identified in MS analyses are black, and 

blue boxes indicate membrane spanning regions that are unlikely to be captured by MS analysis for 

KCNQ1. The figure illustrates that MS analysis provides extensive coverage of the accessible sequences. 

Below the amino acid sequence we show a representative MS/MS spectrum, labeling the ions detected.  
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Supplementary Figure 2.  

Amino acid sequence coverage and representative spectra for KCNH2 

  

Peptides identified by MS analysis are shown in red, peptides not identified in MS analyses are black, and 

blue boxes indicate membrane-spanning regions that are unlikely to be captured by MS analysis for 

KCNH2.  
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Supplementary Figure 3. 

Amino acid sequence coverage and representative spectra for CACNA1C 

 

Peptides identified by MS analysis are shown in red, peptides not identified in MS analyses are black, and 

blue boxes indicate membrane spanning regions that are unlikely to be captured by MS analysis for 

CACNA1C. The figure illustrates that MS analysis provides extensive coverage of the accessible 

sequences. Below the amino acid sequence we show a representative MS/MS spectrum, labeling the ions 

detected.  
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Supplementary Figure 4.  

Amino acid sequence coverage and representative spectra for CAV3. 

 

The amino acid sequences of CAV3 as well as of CAV1 and CAV2 are shown to illustrate that we can 

specifically identify CAV3. Peptides identified by MS analysis are shown in red, peptides not identified in 

MS analyses are black, and blue boxes indicate membrane spanning regions that are unlikely to be captured 

by MS analysis. Below the amino acid sequence we show a representative MS/MS spectrum, labeling the 

ions detected. 
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Supplementary Figure 5.  

Amino acid sequence coverage and representative spectra for SNTA1. 

 

The amino acid sequence of SNTA1 is shown above. Peptides identified by MS analysis are shown in red, 

peptides not identified in MS analyses are black, and blue boxes indicate membrane-spanning regions that 

are unlikely to be captured by MS analysis. The figure illustrates that MS analysis provides extensive 

coverage of the accessible sequences. Below the amino acid sequence we show a representative MS/MS 

spectrum, labeling the ions detected. 
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Supplementary Figure 6. Reproducibility of bait immunoprecipitations.   

 

For each bait, triplicates of IPs were performed (experiments a, b, c). Ratios of log10-transformed label-free 

quantified (LFQ) intensities of the identified proteins were calculated for bait IPs relative to IgG control IPs 

and plotted against each other for the three triplicate experiments, CACNA1C (also known as Cav1.2) (a), 

KCNQ1 (also known as Kv7.1) (b), KCNH2 (also known as Kv11.1) (c), SNTA1 (also known as Snta1) 

(d), CAV3 (also known as Cav3) (e). In each plot the Pearson correlation coefficient is indicated in the 

upper left corner. 
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Supplementary Figure 7. The robustness of using IgGs as control. 

 

Three different control procedures (not based on IgGs) were tested focusing on five heart proteins (named 

CM1_5 for cardiomyopathy protein 1 to 5). We made IPs of CM1_5 and analyzed their interaction partners 

by a similar approach as used for the LQTS proteins. Similar to how we analyzed the LQTS IPs versus IgG 

IPs, we here analyzed the LQTS IPs versus i) the average protein intensities for CM1_5 (CM1_5-average), 

ii) the median protein intensities for CM1_5 (CM1_5-median), or iii) the heart interactome that the 

particular LQTS pulldown is most similar to (which was either CM1 or CM2). There is a high degree of 

consistency between the proteins interacting with each of the LQTS proteins (KCNQ1 also known as 

Kv7.1; KCNH2 also known as Kv11.1; CACNA1C also known as Cav1.2; Cav3; and Snta1), regardless of 

the control procedure, showing the robustness of using an IgG control. Using the median of all 5 

cardiomyopathy pull-downs as the control, we identify between 87% and 97% (average 91%) of the 

interaction partners identified with the IgG control procedure. Using the average of all 5 cardiomyopathy 

pull-downs as the control, we identify between 83% and 90% (average 87%) of the interaction partners 

identified using the IgGs as the control. Testing each of the LQTS pull-downs against the most similar 

cardiomyopathy pull-down, we identify between 68% and 91% (average 77%) of the same interaction 

partners identified using the IgG control procedure. 
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Supplementary Figure 8. Clustering analysis of all IPs performed in this study. 

 

The heat map clearly shows that the IPs targeting the same bait (KCNQ1 [also known as Kv7.1]; KCNH2 

[also known as Kv11.1]) cluster when considered across different hearts, the IPs from pooled heart samples 

cluster with the analogous IPs from the individual hearts. These results show that the interaction partners 

we identify with the different baits using technical replicates (pooled hearts), are highly similar to the 

interaction partners identified using biological replicates (hearts 1-5). 
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Supplementary Figure 9 Correlation plots LFQ intensities for the four sets of IPs 

(KCNQ1 [also known as Kv7.1], KCNH2 [also known as Kv11.1], CACNA1C [also 

known as Cav1.2] and IgGs). 

 

For each plot the Pearson correlation coefficient is provided in the upper left corner. The average 

correlation coefficient between a pooled heart sample and the individual heart samples is 0.91 (or 0.93 for 

CACNA1C; 0.94 for IgG; 0.86 for KCNH2; and 0.91 for KCNQ1). 
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Supplementary Figure 10. Quantitative interaction proteomics annotate loci identified 

in GWA studies.   

 

As exemplified by the GWAS identified locus encompassing ATP1B1 along with 5 other genes, a locus 

identified in GWAS often contains multiple genes. Therefore functional biological data of relevance to the 

GWA study is necessary in order to pinpoint the specific gene causing the phenotype. From our proteomic 

data we identified the protein encoded by ATP1B1 in the protein networks of the Mendelian LQTS proteins 

KCNH2 (also known as Kv11.1), KCNQ1 (also known as Kv7.1), CACNA1C (also known as Cav1.2), 

SNTA1, and CAV3 thus providing functional data that ATP1B1 is the likely causal gene associated with 

the phenotype in the locus. As highlighted in the table, our experimental data suggest loci annotation in 

eight cases. In the table we indicate the number of genes residing in the respective GWAS identified loci as 

well as the genes represented in the networks.  
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Supplementary Figure 11. Electrophysiological measurements of KCNH2 (also known 

as Kv11.1) or KCNH2+Atp1b1 from Xenopus laevis oocytes.

 

(A) To ascertain that the effect observed upon co-expression with Atp1b1 was a direct effect on the KCNH2 channel, 

and not due to Atp1b1 affecting endogenous Atp1a1 generated pump current, we made a two-fold test. First, we tested 

currents generated by Xenopus laevis oocytes only expressing Atp1b1. These oocytes conducted currents of very low 

magnitude, comparable to the endogenous currents recorded from oocytes injected with water (data not shown). 
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Second, to further confirm that the current effect is not due to ATP1B1 regulating endogenous ATP1A1 we tested the 

effect on KCNH2 or KCNH2+ ATP1B1 generated currents in the presence of 10mM ouabain. Ouabain is a well 

characterized inhibitor of Atp1a1, and ouabain did not affect the currents generated by neither KCNH2 (n=3) nor 

KCNH2+ ATP1B1 (n=3).  The I-V curve, the recovery from inactivation as well as inactivation time-constants are 

shown for KCNH2 (left) with and without 10mM ouabain, and the same is shown for KCNH2+ ATP1B1 (right) with 

and without 10mM ouabain. (B) Channel kinetics were evaluated as a function of the membrane potential by 

calculating fast and slow deactivation time-constants as well as the inactivation time constants from recordings elicited 

by the depicted clamp protocols. Triangles indicate the points of the clamp protocols used for the analysis.  The kinetics 

of deactivation were determined by recording the tail currents at potentials ranging from -40 to -100 mV in 10mV 

decrements after an activation step to +40 mV and fitting the currents to a double-exponential function. The time 

constants were plotted against the membrane potential and neither the fast nor the slow component were affected by 

ATP1B1 co-expression, KCNH2 (n=9) and KCNH2+ ATP1B1 (n=10). The relative contribution of the two 

deactivation components were analysed from their respective amplitudes and again no variations were found (data not 

shown). To investigate inactivation kinetics the channels were first fully inactivated at +40 mV, released from 

inactivation by a brief hyperpolarizing step to -120mV, followed by a final step to potentials ranging from +40 to -40 

mV in 10mV decrements, where tail currents were measured. Inactivation time-constants were evaluated from mono-

exponential fits to the tail currents, and were plotted against the applied voltage. (C) Channel activation as well as 

recovery from inactivation was evaluated for KCNH2 or KCNH2+ ATP1B1 channels based on recordings using the 

clamp protocols shown as insets, where triangles indicate measurement points used for analysis. For channel activation, 

an evelope-of-tails protocol was applied: channels were activated at +40 mV for various durations (10-500 ms) 

followed by a hyperpolarization to -60 mV, where the peak tail current was measured. The peak tail amplitudes were 

normalized to the maximum amplitude and plotted as a function of time and time constants were determined by fitting 

the data to mono-exponential functions. For KCNH2 (n=7) =40.2±4.9 ms and for KCNH2+ ATP1B1 (n=10) 

=40.7±1.5 ms. The voltage dependent recovery from inactivation was investigated by a 3 step protocol:  the potential 

was clamped at +40mV to assure full inactivation of the channels, then the channels were subjected to a series of brief 

(10ms) hyperpolarizing steps from +40 to -120 mV in 10mV decrements, followed by a return to +40mV. The peak 

current amplitude after return to +40 mV was measured and normalized to the maximum current level and plotted 

against the potential at the hyperpolarized step. Data were fitted to a Boltzmann equation. For KCNH2 (n=7) V½=-

74.5±2 mV and for KCNH2+ ATP1B1 (n=11) V½= -60.7±1.8 mV. 
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Supplementary Figure 12. Association analysis for the individual networks. CAV3 (a), 

CACNA1C (b), KCNH2 (c), KCNQ1 (d), SNTA1 (e).

 

We used data on SNPs associated to QT interval variation from the QT-IGC meta-analysis and replication 

in >100,000 individuals of European ancestry. Association Z-scores were derived for individual genes as 

described above under “methods”, and we depict the distribution of the association Z-scores for genes 

represented in the individual networks (grey bars) to a background distribution of all genes in the genome 

(black line). The x-axis represents Z-scores assigned to genes corrected for SNP density and linkage 

disequilibrium structure. Despite the reduced statistical power associated with lowering the proteomics 

coverage, two of the five LQTS networks are enriched in proteins encoded on regions significantly 

associated to common QT interval variation (CAV3 P = 2.27e-4, CACNA1C P = 0.0017) and via a 

composite test of genetic association one is individually associated (CAV3 P = 0.0019). 

 

Supplementary Figure 13. Vinculin knockdown prolongs action potential duration in 

zebrafish. 
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(A) Morpholino knockdown of zebrafish vinculin resulted in prolonged cardiac action potentials (APD80 

=466±105 msec) compared to carrier injected controls (APD80 = 371±40 msec), P = 0.04, n = 13 

independent samples. Superimposed exemplar traces are shown for one representative sample for Vinculin 

knockdown (red) and Control conditions (blue).  
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